Introduction
Although equal segregation of chromosomes to the postmitotic daughter cells is ensured by the centrosome through the organization of the bipolar mitotic spindle during normal cell proliferation, multipolar mitotic spindles and a wide variety of centrosomal anomalies are frequently observed in cancer cells (1) . The disruption of normal chromosomal segregation may be induced by such abnormalities, resulting in the production of aneuploid cells. The precise molecular mechanisms associated with the segregation of chromosomes have yet to be adequately characterized. However, a number of genes involved in regulating centrosome duplication have been cloned and intensively analyzed, including family members of mammalian Aurora homologues (2) .
Aurora-A is a serine/threonine protein kinase that belongs to the Drosophila aurora and Saccharomyces cerevisiae Ip11 kinase family and has been shown to play an essential role in chromosome segregation and centrosome functions (3) . Aurora-A has attracted special interest due to the localization on chromosome 20q13, a region frequently amplified in various types of human cancer specimens (4, 5) . Furthermore, results of previous studies showed that the ectopic expression of Aurora-A in mouse NIH/3T3 cells and Rat 1 fibroblasts causes centrosome amplification and transformation in vitro as well as tumorigenesis in vivo (6, 7) . Collectively, these findings suggested that, if overexpressed, Aurora-A plays a role as an oncogene through the abnormal regulation of centrosome function.
Renal cell carcinoma (RCC) is the most common malignancy of the adult kidney and annual estimates of newly diagnosed cases have been steadily increasing. RCC is characterized by various features that differ from those of other malignancies (8) . In the field of RCC research, investigators showed the potential roles of centrosomal defects and chromosomal instability in disease progression (9) . Previously, Aurora-A expression in RCC specimens, which was markedly elevated as compared to that found in normal kidney tissue, was found to be significantly associated with tumor grade and cell proliferative potential (10) . Thus, clarifying the role of Aurora-A during the progression of RCC is crucial. In the present study, we analyzed the changes in the phenotypes of human RCC cells both in vitro and in vivo following the RNA interference-mediated knockdown of the Aurora-A protein.
Materials and methods
Materials. Caki-2 cells derived from human RCC were purchased from the American Type Culture Collection (Rockville, MD, USA). Cells were maintained in RPMI (Life Technologies, Gaithersburg, MD, USA) supplemented with 10% heat-inactivated fetal bovine serum.
A chemically synthesized oligonucleotide encoding an Aurora-A short hairpin RNA (shRNA), including a loop motif, was inserted downstream of the U6 promoter of the pBAsi hU6 Pur DNA vector (Takara Bio, Otsu, Japan). The sequence of the shRNA targeted against Aurora-A was 5'-ATGCCCTGTCTTACTGTCA-3' , corresponding to positions 853-871 within the Aurora-A mRNA sequence. Similarly, a control plasmid was constructed by randomizing the sequence of shRNA (5'-TCTTAATCGCGTATAAGGC-3').
Expression vectors were transfected into Caki-2 cells by liposome-mediated gene transfer methods as previously described (11) . Briefly, either purified shRNA targeting Aurora-A cloned into the expression plasmid or control plasmid was added to Caki-2 cells after pre-incubation for 30 min with Lipofectamine (Invitrogen, San Diego, CA, USA) and serum-free OPTI-MEM (Life Technologies). Drug selection in 1.5 µg/ml puromycin (Sigma, St. Louis, MO, USA) started 3 days after transfection. Colonies were then harvested and expanded to cell lines.
Real-time RT-PCR. Total RNA (1 µg) extracted from each cell line was reverse transcribed using an oligo dT and superscript pre-amplification system (Life Technologies). Real-time RT-PCR was performed using a sequence detector (Abi Prism 7700; PE Applied Biosystems, Foster City, CA, USA) based on the Taq Man assay according to the manufacturer's instructions, as previously described (12) . The specimens were analyzed in triplicate and the mean values were used for quantification. The quantification value of Aurora-A mRNA was described as each value relative to β-actin mRNA.
Western blot analysis. Western blot analysis was performed as previously described (11) . Briefly, samples containing equal amounts of protein (15 µg) from the lysates of cultured cells were electrophoresed on an SDS-polyacrylamide gel and transferred to a nitrocellulose filter. The filters were blocked in phosphate-buffered saline (PBS) containing 5% non-fat milk powder at 4˚C overnight and then incubated for 1 h with antibodies against Aurora-A (TransGenic Inc., Kumamoto, Japan), total and phosphorylated Akt, PARP (Cell Signaling Technology, Danvers, MA, USA), p53 (Epitomics Inc., Burlingame, CA, USA) and β-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The filters were incubated for 30 min with horseradish peroxidase-conjugated secondary antibodies and specific proteins were then detected using an enhanced chemiluminescence Western blotting system (Amersham Pharmacia Biotech, Arlington Heights, IL, USA).
MTT assay. The inhibitory effects of chemotherapeutic agents on the in vitro growth of each cell line were assessed using MTT (Sigma) as previously described (11) . Briefly, 1x10 4 cells were seeded in each well of 96-well microtiter plates and allowed to attach overnight. Cells were then treated with various concen-trations of docetaxel, cisplatin, etoposide or doxorubicin. After 48 h of incubation, 20 µl of 5 mg/ml MTT in PBS was added to each well, followed by incubation for 4 h at 37˚C. Formazan crystals were dissolved in DMSO. The optical density was determined with a microculture plate reader (Becton Dickinson Labware, Lincoln Park, NJ, USA) at an absorbance of 540 nm. Absorbance values were normalized to the values obtained for the vehicle-treated cells to determine the percentage of surviving cells. Each assay was performed in triplicate.
Flow cytometric analysis and DNA degradation assay. The cell cycle phase distribution was assessed by a flow cytometric analysis of DNA content. Cells were fixed in 70% ethanol, and incubated with 1 µg/ml RNaseA for 30 min. Following centrifugation, the cells were resuspended in 1 ml of 50 µg/ml propidium iodide (Sigma) and incubated for 30 min. DNA content was evaluated using a FACScan flow cytometer and quantified using CellQuest software (Becton Dickinson). Each experiment was performed in triplicate.
Nucleosomal DNA degradation was quantified by a Cell Death Detection ELISA kit using antihistone antibody (Roche, Mannheim, Germany) as previously described (13) . Briefly, 1x10 5 cells were seeded in 5-cm culture dishes and allowed to adhere overnight. Following treatment with docetaxel under the same schedule as described above, cells were harvested and assays were performed in triplicate according to the manufacturer's instructions.
Statistical analysis. Differences between the two groups were compared using the unpaired t-test. Statistical calculations were performed using Statview 5.0 software (Abacus Concepts, Inc., Berkley, CA, USA). P<0.05 was considered to be statistically significant.
Results
Cell lines. Caki-2 cells were transfected with an expression vector containing the shRNA targeted against Aurora-A or vector alone. After drug selection, a number of stable independent clones were established and two of these clones (Caki-2/sh-A#1 and Caki-2/sh-A#2), in which the vector containing Aurora-A shRNA had been introduced, and control vector-transfected Caki-2 cells (Caki-2/C) were selected for further studies.
Expression levels of Aurora-A in Caki-2 sublines. Real-time RT-PCR and Western blotting were subsequently performed to evaluate the expression levels of Aurora-A mRNA and protein, respectively, in Caki-2/C, Caki-2/sh-A#1 and Caki-2/ sh-A#2 cells. As shown in Fig. 1 , abundant levels of Aurora-A expression were observed in Caki-2/C cells at both the mRNA and protein levels, whereas Aurora-A expression levels in Caki-2/sh-A#1 and Caki-2/sh-A#2 cells were inhibited to <10% compared to those in Caki-2/C cells.
Effect of Aurrora-A suppression on the growth of Caki-2 sublines. The MTT assay was performed to compare the growth patterns of the Caki-2 sublines. As shown in Fig. 2A , the growth of Caki-2/sh-A#1 and Caki-2/sh-A#2 cells was significantly inhibited compared to that of Caki-2/C cells, showing growth inhibition by ~40% on day 5. We then investigated the cell cycle distributions in Caki-2 cell sublines by flow cytometry. The proportions of Caki-2/sh-A#1 and Caki-2/sh-A#2 cells in the G2-M phase were significantly greater than those of Caki-2/C cells (Fig. 2B) .
Western blot analysis was used to determine whether the decrease in Aurora-A production by Caki-2 cells modulates the expression levels of various molecules involved in signal transduction pathways as well as apoptosis. Of these molecules, the expression levels of phosphorylated Akt in Caki-2/sh-A#1 and Caki-2/sh-A#2 cells were markedly down-regulated compared to those in Caki-2/C cells, while the Bax expression levels in Caki-2/sh-A#1 and Caki-2/sh-A#2 cells were significantly higher than those in Caki-2/C cells (Fig. 2C) .
To determine whether the inhibition of Aurora-A expression results in enhanced chemosensitivity in RCC, the Caki-2 sublines were treated with various doses of chemotherapeutic agents, such as docetaxel, cisplatin, etoposide and doxorubicin. Despite the lack of significant differences in sensitivities to cisplatin and doxorubicin in the Caki-2 sublines, Caki-2/sh-A#1 and Caki-2/sh-A#2 cells were more sensitive to docetaxel and etoposide than Caki-2/C cells. In other words, the IC 50 value of docetaxel and that of etoposide in both Caki-2/sh-A#1 and Caki-2/sh-A#2 cells were reduced by ~90 and 50%, respectively, as compared to those in Caki-2/C cells (data not shown). Accordingly, docetaxel, which was shown to have the most powerful cytotoxic effect on Caki-2/sh-A#1 and Caki-2/ sh-A#2 cells, was used in the subsequent study associated with chemosensitivity. Fig. 3A , docetaxel showed dose-dependent cytotoxicity in all Caki-2 sublines. However, the growth of Caki-2/sh-A#1 and Caki-2/sh-A#2 cells was significantly inhibited by docetaxel relative to the Caki-2/C cells in a dose-dependent manner. Furthermore, apoptotic changes in the Caki-2 sublines following treatment with various concentrations of docetaxel were investigated. The proportions of cells undergoing apoptotic cell death in Caki-2/ sh-A#1 and Caki-2sh-A#2 cells were significantly greater compared to those in Caki-2/C cells (Fig. 3B ). In addition, treatment of Caki-2/sh-A#1 and Caki-2sh-A#2 cells with docetaxel resulted in the induction of p53 and the cleavage of PARP, but not of Caki-2/C cells (Fig. 3C ).
Effect of Aurora-A suppression on the sensitivity of Caki-2 sublines to docetaxel. As shown in

Discussion
Considering the frequent observation of chromosomal abnormalities in human cancer cells, malignant disease progression may be associated with changes in the phenotype induced by genes involved in chromosomal segregation (1). Among such genes, Aurora-A has attracted great interest, since various studies have shown that the overexpression of Aurora-A induces disruption of normal cell cycle progression, resulting in the promotion of oncogenic transformation (2, 3, 6, 7) . Furthermore, the up-regulation of Aurora-A expression and its significant correlation to conventional prognostic factors in a variety of human malignancies has been demonstrated (3, 14, 15) . We also previously reported that the expression of Aurora-A in RCC tissue is significantly stronger than that in normal kidney tissue, and that the Aurora-A expression level in RCC appears to be significantly correlated to tumor grade and cell proliferative activity (10) . However, the role of Aurora-A during the progression of RCC has yet to be determined. Subsequently, this study investigated the effect of suppressed Aurora-A expression in human RCC Caki-2 cells on changes in their growth and chemosensitivity.
Initially, Caki-2 sublines were established in which Aurora-A expression was decreased by approximately 90% as compared to that in control Caki-2 cells by introducing an expression plasmid containing shRNA targeted against Aurora-A. Using the Caki-2 sublines, it has subsequently been shown that the suppression of Aurora-A causes a significant accumulation of cells in the G2-M phase, resulting in the marked inhibition of Caki-2 cell proliferation. These findings suggest that Aurora-A is an essential molecule for regulating the growth of RCC cells. Thus, Aurora-A may be a suitable molecular target for the inhibition of cell proliferation in RCC. Of note is the mechanism involved in Aurora-A-mediated growth regulation in Caki-2 sublines. Of several molecules implicated in major signal transduction pathways, Akt pathway appeared to be markedly inactivated by the down-regulation of Aurora-A in Caki-2 cells. We showed a significant induction of Bax protein in Caki-2 cells by suppressing the expression of Aurora-A. These findings have been supported by various previous studies showing activation of the Akt pathway characterized by the exertion of an anti-apoptotic impact on various types of cancer cells (16, 17) . In their study, Cha et al reported treatment with histone deacetylase inhibitor resulting in the induction of G2-M arrest and apoptosis through the degradation of Aurora-A (18) .
Changes in chemosensitivity following the down-regulation of Aurora-A expression in Caki-2 cells were then investigated. Of several chemotherapeutic agents examined in this study, docetaxel has shown the most potent cytotoxic effect on Aurora-A shRNA-transfected Caki-2 cells by reducing the IC 50 value by approximately 90%. Furthermore, the degree of chemosensitivity to docetaxel in the Caki-2 sublines is closely proportional to that of cells undergoing apoptosis, accompanying the induction of p53 and the cleavage of PARP. Taxanes, including docetaxel, have been shown to stabilize microtubules by binding tubulin and to interfere with microtubule disassembly. In other words, these agents are capable of stopping cell cycle progression, causing cells in the M phase to accumulate at the metaphase-anaphase transition and subsequently promote apoptosis (19) . Taken together, these findings indicate that the synergistic induction of apoptosis in cancer cells may be achieved by the suppression of Aurora-A expression combined with the use of docetaxel. Similarly, the enhancement of docetaxel-induced apoptosis by the inhibition of Aurora-A expression using a variety of cancer cell lines, such as head and neck, esophageal and breast cancer cell lines has also been reported (20) (21) (22) .
In conclusion, the suppression of Aurora-A expression by human RCC Caki-2 cells using shRNA inhibits their growth through the modulation of signal transduction and apoptotic pathways. Additionally, a synergistic cytotoxic effect is achieved in Caki-2 cells by combining the suppression of Aurora-A expression with docetaxel treatment. Collectively, these findings suggest that targeting Aurora-A using RNAinterfering technology in combination with docetaxel is a novel promising strategy for the treatment of patients with advanced RCC.
